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SUMMARY 
     The discovery of mesoporous silica molecular sieves, MCM-41 and SBA-15, has a 
strong impact on the area of nanostructured inorganic materials. They possess 
hexagonal array of uniform tunable pore openings, large surface area, good thermal 
and chemical stability, making them ideal host materials for catalysts, metals, 
semiconductors, phosphors etc. They were synthesized using the supramolecular 
assembly of surfactant molecules as a template.  
     The preparation strategies were subsequently extended to the synthesis of 
nanostructured titanium dioxide. Various methods have been demonstrated, however, 
the common disadvantage is time-consuming. In this work (Chapter 3), mesolamellar 
TiO2 was synthesized via sonochemical technique in the presence of cationic 
surfactant. Compared with the traditional methods, such method can greatly reduce 
preparation time. It can also be used for synthesis of other nanostructured materials. 
Compared with the calcined counterparts, the as-synthesized sample showed different 
room temperature photoluminescent properties, which might be resulted from the 
existence of surfactant and the formation of TiO6 units in the two samples respectively.  
     The study of Europium (Eu) ion trapped in different hosts as a luminescent 
activator is a hot research topic because of the importance in both fundamental 
research and technological applications. Mesoporous silicas (MCM-41 and SBA-15) 
are chosen as a host in this project. 
     Previous work of synthesis of Eu-doped MCM-41 materials based on co-
condensation method were focused on the relationship between the structure and 
doping level, but photoluminescent properties were not addressed. In this work 
(Chapter 4), ordering of the resultant materials was found to have a direct relationship 
with Eu-doping level. An ordered phase was achieved up to Eu2O3/SiO2 = 0.010. 
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Beyond this loading, disordered materials were obtained due to fewer surfactant 
micelles which are necessary in the structure arrangement into hexagonal array. Two 
emission peaks originated from 5D0 → 7F1 (λ = 592 nm) and 5D0 → 7F2 (λ = 615 nm) 
transitions of Eu3+ are observed on the materials. The lower PL intensity observed 
might be caused by the quench effect of OH groups. It is also found that the PL 
intensity of the Eu-doped MCM-41 materials enhanced with the increase of Eu-doping 
contents, which is probably due to more Eu reacted with the defects in MCM-41.  
     There were numbers of inclusion techniques developed and reported. However, the 
common drawback is the difficulty in controlling the location of inclusion. Parts of 
inclusion will unavoidably take place on the external surface of the mesoporous silica. 
This problem can be solved by the technique of organic functionalization of 
mesoporous silicas. In this work (Chapter 5), Eu3+ was doped inside the pores of SBA-
15. The external surface of the as-synthesized SBA-15 was selectively passivated 
through reactions with inert functional phenyl groups. The external-surface-modified 
SBA-15 was doped with Eu3+ via two possible pathways: one is ion exchange process, 
during which protonated triblock copolymer P123 was replaced by the Eu3+ ions; the 
other one is physical adsorption.  
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CHAPTER 1   INTRODUCTION 
 
1.1 Principles of Photoluminescence 
     The phenomenon of certain kinds of substance emitting light on exposure to 
ultraviolet or visible rays, without involving heat generation is called 
photoluminescence (PL). 
     Figure 1.1 demonstrates the principles of PL. When a molecule is exposed to light, 
the kinetic energy of the electrons in the molecule is increased, moving the molecule 
from the base state S0 to the excited states S1 of a higher energy level. In order to 
achieve a stable status, the molecule will return to the base state by releasing the 
absorbed energy in the form of heat or light. The molecule then transits, without 
radiation, to an excited state with a slightly lower energy level than the excited state S1. 
The light the molecule emits as it returns further to the base state is called PL. 
 
Figure 1.1 Principles of photoluminescence. (Source: Shimadzu RF3501PC 
spectrofluorophotometer instruction manual)  
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1.2 Research on Photoluminescent Materials 
     The PL of many materials such as nanostructured titanium dioxide (TiO2) and 
europium compounds is due to the presence of luminescent centers, such as transition 
metal and rare earth ions. Research on such materials receives growing interest  
because of the importance of the photoluminescent materials in both fundamental 
research and technological applications, such as optoelectronics devices (O’Regan and 
Gratzel, 1991; Bach et al., 1998) and flat panel displays (Barringer and Bower, 1982; 
Reisfeld and Jorgensen, 1987; Chinnock, 1994; Hobbs, 1994; Hoffmann et al., 1995). 
In this project, nanomaterials of titanium dioxide and europium-doped mesoporous 
silica were studied. 
 
1.2.1 Room-Temperature Photoluminescence (RTPL) of Nanostructured TiO2 
     Nanostructured titanium dioxides, synthesized by surfactant-templating routes, 
have attracted a great deal of attention because of their unique dielectric, optical and 
mechanical properties, especially the RTPL characteristics, which can not be observed 
on bulk TiO2.   
     For RTPL of  TiO2 nanomaterials, several theories have been proposed. Amongst, 
two dominant theories are the interface effect between TiO2 and organic species (Zou 
et al., 1991; Lin et al., 1999), as well as radiative recombination of self trapped 
excitons (STE) (Tang et al., 1993; 1994a). In the first theory, RTPL is accredited to the 
introduction of organic species, which changes the surface electron structure of TiO2, 
cancels the barrier for the STE formation and greatly enhances the STE absorption. As 
a result, RTPL phenomenon can occur. In the second theory, RTPL is caused by the 
recombination of STE localized within TiO6 octahedra. Excitons in such structures are 
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called charge-transfer excitons, which result from the interaction of conduction band 
essentially located on Ti 3d states with a hole built essentially on oxygen 2p states.  
 
1.2.2 RTPL of Europium (Eu) Hosted in Different Mesoporous Silicas 
     The photoluminescence property of Eu3+ is particularly interesting because the 
major emission band is located at about 612 nm (red), which is one of the primary 
colors from which a wide variety of colors can be obtained. For this reason, the 
introduction of Eu3+ as luminescent centers into different hosts has been a hot research 
topic. The host must have good mechanical, thermal and anticorrosive properties. 
MCM-41 (Beck et al., 1992; Kresge et al., 1992) and SBA-15 (Zhao et al., 1998) are 
such candidates, which are one-dimensional, hexagonally arranged mesoporous silicas, 
possessing highly uniform and tunable pore sizes in the mesoscope, high surface area, 
and long-range ordering of the packing of pores. They are synthesized by using 
supramolecular assemblies of surfactants as a template, which structurally direct the 
formation of ordered structures of inorganic components. 
     Many inclusion techniques for hosting of Eu in mesoporous silicas have been 
developed, such as wet impregnation (Sauer et al., 2002), solid-state diffusion (Chen et 
al., 2002), covalent grafting (Bartl et al., 2002; Li et al., 2002), and co-condensation 
(Matos et al., 2001; Mercuri et al., 2002) etc. 
 
1.3 Aims of the Project  
     This project is aimed at synthesis of photoluminescent nanomaterials and 
evaluation of their RTPL properties, including synthesis of nanostructured TiO2 and 
inclusion of Eu in different mesoporous silicas. The project can be divided into three 
parts: (1) ultrasonic synthesis of mesolamellar titanium dioxides and the evaluation of 
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their photoluminescence properties; (2) structure and photoluminescence studies of 
Eu-doped MCM-41 prepared by co-condensation method; (3) incorporation of Eu 
inside the pores of surface-modified SBA-15. 
 
1.3.1 Ultrasonic Synthesis of Mesolamellar Titanium Dioxide 
     A number of preparation methods for mesostructured TiO2 are available. Most of 
them are based on sol-gel technique (Rao, 1994). The major methods include  
modified sol-gel method (Antonelli and Ying, 1995), ligand assisted templating (LAT) 
approach (Antonelli and Ying, 1996; Ulagappan and Rao, 1996; Anuradha and 
Ranganthan, 1999; Zhao et al., 2001), non-aqueous synthesis method (Khushalani et 
al., 1999), and hydrothermal process (Bai et al., 2001; On, 1999). One of the common 
disadvantages of the abovementioned methods is long preparation time, as long as 15-
20 days are required (Zheng et al., 2001).  
     Sonochemical technique has been applied to synthesis mesostructured transition 
metal oxides (Kataby et al., 1997; Srivastava et al., 2003), as well as mesoporous TiO2 
with worm-like structure (Wang et al., 2000), which is based on a wide range of 
physical and chemical effects induced by high-intensity ultrasound (Leighton, 1994). 
The great advantage lies in that it can greatly accelerate the formation of the product. 
This technique will be employed in this project to check the possibility of reducing the 
synthesis period of mesolamellar TiO2.  
      
1.3.2 Structure and Photoluminescence Study of Eu-Doped MCM-41 Synthesized 
by Co-Condensation Method      
     A variety of research efforts of incorporation of Eu in MCM-41 have been reported, 
such as solid-state diffusion (Chen et al., 2002), covalent grafting method (Li et al., 
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2002), and co-condensation method (Matos et al., 2001; Mercuri et al., 2002). Co-
condensation method is a relative simple process, which is based on the sol-gel 
technique. Through the co-condensation of siloxane and organo precursors during the 
mesoporous silica formation, the hybrid materials are prepared, offering functional 
groups that are directly incorporated into the wall of the host (Moller and Bein, 1998). 
However previous works were focused only on the relationship between the structure 
and doping level. Photoluminescence properties of the materials were not studied. 
Since the main application of Eu-doped materials is as photoluminescent materials, 
study of the photoluminescence properties is necessary.   
 
1.3.3 Incorporation of Eu inside the Pores of Surface-Modified SBA-15  
     A number of inclusion techniques have been developed (Moller and Bein, 1998; 
Tissue, 1998; Bronstein, 2003). However the common drawback of these techniques is 
the difficulty in controlling the location of Eu ions to be included, because part of Eu 
ions will unavoidably be on the external surface of mesoporous silica. In some 
applications, fine control over the locations of the doped Eu3+ is desired. 
     The problem can be solved by the technique of organic functionalization of 
mesoporous silicates, based on the existence of surface silanol (Si-OH) groups. These 
groups will act as anchoring point for organic functionalization. The anchoring point 
can be on the external surface or within the channels (Stein et al., 2000).  
     Ion exchange method (Bronstein, 2003) will be employed in this study, which is an 
inclusion technique based on the reaction normally driven by replacement of 
monovalent of cation (surfactant) with divalent (or trivalent) metals. Through the 
technique, the metal ions can be transported solely inside the pores of the host, if the 
external surface is capped with inert hydrophobic organic groups. 
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1.4 Structure of the Thesis 
     Chapter 1 is a brief introduction of the project. Chapter 2 provides a literature 
review on the related topics such as nanoporous materials (MCM-41 and SBA-15), 
synthesis and RTPL of TiO2 nanomaterials, and inclusion of Eu in different host 
materials with an emphasis on mesoporous silica materials. Chapter 3 reports synthesis 
of mesolamellar TiO2 by sonochemical technique and photoluminescence properties of 
the materials. In Chapter 4, the results of structure and RTPL studies of Eu-doped 
MCM-41 materials are presented. Chapter 5 describes inclusion of Eu3+ into the 
channels of surface-modified SBA-15. In Chapter 6, an overall summary and 
recommendations for future study are presented. 
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CHAPTER 2   LITERATURE REVIEW 
 
2.1 Synthesis of Mesoporous Silica Materials 
2.1.1 MCM-41 
     The exciting discovery of mesoporous molecular sieves, M41S (Beck et al., 1992; 
Kresge et al., 1992), had a deep impact on the area of mesostructured inorganic 
materials. MCM-41 is one of the members in M41S family. MCM-41 possesses one-
dimensional, hexagonally arranged mesopores, high surface area in excess of 1000 
m2g-1, and long-range ordering of the packing of the pores. It is synthesized by using 
supramolecular assemblies of surfactants as a template, which structurally directs the 
formation of ordered structures of inorganic components. A liquid crystal templating 
(LCT) mechanism was proposed (Beck et al., 1992) as schematically illustrated in 
Figure 2.1. There are two possible pathways. The first one is that surfactant molecules 
self-organize into liquid crystalline phase and act as a template. The silicate species 
polymerize around the hydrophilic parts of such surfactant, and aggregate to form an 
inorganic-organic nanocomposite. The second pathway describes that anionic silicate 
species participate self assembly of surfactant micelles to cooperatively form the 
inorganic-organic nanocomposite. Upon removal of the surfactant, a porous structure 
is obtained, and the pore size is determined by the alkyl chain length of the surfactant. 
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Figure 2.1 LCT mechanism showing two possible pathways for the preparation of 
MCM-41: (1) liquid crystal initiated and (2) silicate anion initiated.  (Beck et al., 1992) 
 
     The liquid-crystal-templating synthesis of nanoporous materials opened up a wide 
variety of synthesis approaches to developing new periodic surfactant/inorganic 
composite materials. Huo et al. (1994) proposed a generalized liquid crystal templating 
mechanism based on the specific type of electrostatic interactions between a given 
inorganic precursor (I) and surfactant head group (S), which is depicted in Figure 2.2.  
 
 
Figure 2.2 A general scheme for the self-assembly reaction of different surfactant and 
inorganic species. (Huo et al., 1994) 
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     From Figure 2.2, the mesostructured phase can be synthesized by either direct or 
mediated pathways, using different charged surfactant molecules and inorganic 
solutions species in certain pH conditions. Routes 1 and 2 involve the direct co-
condensation of ionic inorganic species and an ionic surfactant with opposite charge. 
By contrast, routes 3 and 4 involve condensation of ionic inorganic species in the 
presence of similarly charged surfactant molecules, and they are mediated by 
counterions of opposite charge to that of the surfactant head group (X- = Cl- or Br- in 
the solution species S+X-I+, and M+ = Na+ or K+ in the solution species S-M+I-). 
     Tanev and Pinnavaia (1995) pioneered a neutral-surfactant templating route for the 
synthesis of mesoporous materials, which is based on hydrogen bonding. The route 
can be further divided into two categories. One is based on self-assembly between 
neutral amine surfactants (S0) and neutral inorganic precursors (I0). Compared with the 
counterparts derived from LCT mechanism, the resultant materials, HMS (hexagonal 
mesoporous silica), have a thicker pore wall and a higher thermal stability. The other is 
through the self-assembly of neutral surfactant with a polyethylene oxide head group 
(N0) and neutral inorganic precursors (I0). The pores of resultant materials are 
wormlike (Bagshaw et al., 1995).  The advantage of these routes over the ionic route is 
the possibility of recovering the surfactant. Furthermore, there is a wide range of 
neutral inorganic precursors, which can be chosen for the synthesis of mesostructured 
oxides that are difficult or impossible to be achieved by electrostatic pathways. 
 
2.1.2 SBA-15 
     The success of the synthesis of SBA-15 (Zhao et al., 1998) is another significant 
event in the preparation of mesoporous materials. Equivalent to MCM-41, SBA-15 is 
also one kind of one-dimensional, hexagonally arranged mesoporous materials, but 
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possessing large pore size of 46-300 Å and thick pore wall of 31-64 Å. The structure 
of SBA-15 is templated by triblock polyoxyalkylene copolymer under strong acid 
conditions via a mechanism of S+X-I+, because the block copolymer is positively 
charged under the reaction conditions (Zhao et al., 1998). 
 
2.2 Synthesis of Mesostructured TiO2  
     The strategies of synthesis of mesostructured silicate-based materials have been 
extended to the synthesis of mesostructured transition metal oxides. The importance of 
nanostructured transition metal oxides lies in their unusual electronic, optical and 
magnetic properties, which are determined by their variable oxidation states and the 
properties that silicates do not possess. Mesostructured tungsten and lead oxides were 
first synthesized by Huo and co-workers (1994). However, the materials were found to 
be unstable upon removal of surfactant template. The first stable mesoporous 
nonsiliceous framework (hexagonal mesoporous TiO2) was synthesized by Antonelli 
and Ying (1995). Since then, mesostructured TiO2 materials with a variety of phases 
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Table 2.1 Representative works of the synthesis of mesostructured TiO2





RT  2Antonelli and 
Ying, 1995 
1.00tetradecylphosphate: 157.83H2O: 
1.00KOH: 1.00TIOP a: 1.00acetylacetone 80 120 
the first report of the synthesis of hexagonal TiO2, 
based on modified sol-gel method under anionic 
surfactant 
RT  4Lin et al., 1999 
 
1.00TBOTb: 0.60CTABc: 0.82TMAOHd:  
285.00 H2O 115 72-144 
lamella structure was obtained, using cationic 
surfactants under basic conditions  
Zhao et al., 2001 1.00TIOP: 0.67C12-NH2e: 7.30EtOHf: 
55.60H2O  
RT  72 wormlike structures by two-step synthesis method 
Tian et al.,  2002 
 
1.0 g P123(1.2g F108): 20.0 g 
EtOH(THFh): 0.6 g TiCl4: 2.5 g TIOP  
n.a. n.a. hexagonal and  cubic structures were obtained,  
anhydrous metal chloride acting as the pH 
adjustor and hydrolysis-condensation controller 
Zheng et al., 
2001 
3.00 g TBTi: 21.08 g EtOH: 0.32 mL 
0.28MHCl: 0.36 g CD-Uj
RT 360-480 disorder phase was obtained, templated by CD-U 
Takenaka et al., 
2000 
1.0TTPk: 1.5CH3(CH2)nCOOHl: 26.0 
propan-1-ol   
n.a.  n.a. lamella mesostructured TiO2 was prepared from 
titanium alkoxide and carboxylic acids 
80  24
100  24
4.4 g C12-NH2: 13.5 g TIOP :15.0 mL 





Dai et al., 2002 
1.0dodecylphosphate: 5.0KOH : 
10.0TIOP : 10.0acetylacetone 80 120  
hexagonal products 
1 C12PO m: 1TiCl4: 556 H2O  n.a. n.a. lamella phase under anionic surfactant Fujii et al., 1998 
1 CTAB: 1TiCl4: 556 H2O  n.a. n.a. disorder structures 
Thieme and 
Schuth, 1999 
1.0 Ti(OMe)4n: 1.2HCl: 2.3 surfactant: 
46.5 H2O 
RT  48 Dodecanol +5 EO (BASF) was used as a non-
ionic surfactant to synthesis the highest 
temperature thermally stable materials (up to 550 
°C) with disorder phase 
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Cabrera et al., 
2000 
9NaOH: 82TEAH3 p: 10CTAB: 5000H2O n.a. n.a. wormlike  structure under surfactant-assisted 
method based on equilibrium between hydrolysis 
and condensation reaction of the inorganic 
species and the organic-inorganic self-assembling 
process  
80 120 Khushalani et al., 
1999 
1.00Na2Ti(gly)3 :36.00 ethylene glycol: 
0.45 CTAB: 2.20 NaOH 
 RT  24
partially ordered structure by non-aqueous 
synthesis 
RT  18Ulagappan and 
Rao, 1996 




hexagonal products under neutral amine 
surfactant 
Antonelli, 1999 5.00 g TIOP: 1.63 g C12-NH2: 25.00g 
H2O: 1.00 mL 0.1M HCl 
60 96 the first synthesis of hexagonal non-phosphated 
TiO2 through the bond between N-H 
Blanchard et al., 
2000 
0.02 mol TIOP: 70.00 mL 0.5MH2SO4: 
0.01 mol CTAB: 90.00 mL H2O 
n.a. n.a. hexagonal titanium oxo-phosphate  
0 n.a. Yoshitake et al., 
2002 
40.0 g H2O: 8.0 g TIOP: 2.6 g C12-NH2: 
1.6 mL 0.1M HCl 60  96
wormlike structure with the highest surface area 
reported (more than 1200 m2/g)  
RT  2On, 1999 1.00TEOTq-10.00H2O2-1.00C16TMAClr- 
1.95TMAOH-300.00H2O 80  48
hexagonal and lamella phases by modified sol-gel 
process under hydrothermal conditions  
Yang et al., 1999 1.00 g poly block copolymer: 10.00 g 
EtOH: 0.01 mol TiCl4  
40 168 large pore size hexagonal and cubic TiO2 with 
semicrystalline wall structure under block 
copolymer 
Wang et al., 
2000 
0.0033 mol octadecylamine: 10.00 mL 
EtOH: 0.01 mol TIOP: 40.00 mL H2O  
RT-80 6 wormlike structure by sonochemical technique 
RT  48Yue and Gao, 
2000 
0.05CeCl3: 1.00TEOT: 0.02 
EO20PO70EO20: 4.00H2O: 15.50 EtOH 
 80-180  24
The first mesoporous TiO2 (wormlike) with 
crystalline framework through an N0I0 assembly 
pathway  
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Remark: 
a: TIOP = titanium isopropoxide;  
b: TBOT = tetrabutylorthotitanate;   
c: CTAB = cetyltrimethylammonium bromide;  
d: TMAOH = tramethylammounium hydroxide solution;  
e: C12-NH2 = dodecylamine;  
f: EtOH = ethanol;  
h: THF = tetrahydrofuran;  
i: TBT = titanium n-butoxide;  
j: CD-U = β-cyclodextrin-urea;  
k: TTP = titanium tetraisopropoxide;  
l: n = 0−20;  
m: C12PO = sodium dodecyl phosphate; 
n: Ti(OMe)4 = titanium methoxide;  
p: TEAH3 = titanatrane derivative of triethanolamine;  
q: TEOT = tetraethylorthotitanate;  
r: C16TMACl = cetyltrimethylammonium chloride 
  
 
2.2.1 Types of Mesostructured Phases 
     The mesostructured materials will possess pores in the mesoscope after the removal 
of surfactant. Figure 2.3 demonstrates four common types of arrangement patterns of 
the pores. Mesostructured TiO2 with these mesostructured phases have been prepared, 
the literature survey results are also listed in Table 2.1. 
 
Figure 2.3 Structures of mesostructured phases. a) hexagonal phase, b) cubic Ia3d 
phase, c) lamellar phase, and d) worm-shaped pores. (Behrens, 1996) 
 
2.2.2 Synthesis Strategies for Mesostructured TiO2
2.2.2.1 Modified Sol-Gel Method 
     A method based on sol-gel chemistry by employing alkylphoaphate surfactant as a 
template and acetylacetonate as a chelating agent was reported by Antonelli and Ying 
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(1995). The chelating agent reacts with titanium isopropoxide to form bis-
acetylacetonate to control the hydrolysis and condensation rate of titanium 
isopropoxide. Since a significant amount of phosphorous cannot be removed by 
calcination, the products are titanium oxo-phospahtes instead of pure TiO2.  
 
2.2.2.2 Cationic/Anionic Surfactant Route 
     This route is based on electrostatic interactions at the interface between an 
inorganic species and an organic phase. The organic phase can be positively charged 
cationic surfactants (quarternary ammonium ions of different types) (Lin et al., 1999), 
negatively charged carboxylates (Takenaka et al., 2000), and phosphates (Fujii et al., 
1998) etc. In most of the previous reports, thermally unstable lamella mesostructures 
were obtained.  
     Hexagonal phases have also been synthesized with modification of the synthesis 
strategy. Soler-Illia et al. (2002) reported the synthesis of hexagonal TiO2 via an 
evaporation-induced self-assembly method (EISA) by employing cationic surfactant as 
a template in an ethanol acidic medium. On (1999) has observed that the lamellar 
phase prepared under cationic surfactant can be transformed into a hexagonal phase by 
hydrothermal post-treatment in a liquid phase containing Na+. 
 
2.2.2.3 Ligand Assisted Templating (LAT) Method 
     This method is based on the strong chemical bonds formed between nitrogen and 
metal. Neutral amine surfactant reacts with metal alkoxide to form a metal-ligated 
surfactant in the absence of water. Addition of water will induce the surfactant to self-
assemble into micelles. In the mean time, alkoxide hydrolysis and condensation will 
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occur (Antonelli and Ying, 1996). The approach has limited applications because the 
covalent bonding is limited to metal-nitrogen system.  
 
2.2.2.4 Neutral Surfactant Route 
     By using neutral surfactant, wormlike TiO2 with a high BET surface was prepared 
(Yoshitake et al., 2002). The route is based on hydrogen bonding. The employed 
surfactants can be either neutral primary amine (S0) or polyethylene oxide (N0), which 
are environmental friendly and low cost (Zheng et al., 2001).  
     Block copolymer has also been used as a template to prepare large-pore materials 
with a semicrystalline framework, which could be considered as an extension of 
synthesis of SBA-15. Yang et al. (1999) proposed the formation mechanism as follows. 
Alkylene oxide segments form crown-ether-type complexes with inorganic ions 
through weak coordination bonds. After hydrolysis, the multivalent metal species can 
link preferentially with the hydrophilic poly (ethylene oxide) (PEO) moieties under the 
mediation of HCl. The complexes further self-assemble based on the mesoscopic 
ordering directed mainly by the microphase separation of the block copolymer species. 
Finally mesoscopically ordered inorganic/block-copolymer composites are formed 
after subsequent cross-linking and polymerization.  
 
2.2.2.5 Non-Aqueous Synthesis Method 
     Khushalani and co-workers (1999) developed a non-aqueous synthesis method. 
Cetyltrimethylammonium glycotitanate (IV), CTA1,2[Ti(OCH2CH2)3], has been 
synthesized under non-aqueous conditions by reacting Na1,2[Ti(OCH2CH2)3] with 
CTACl in ethylene glycol. The glycometallates have a structure based upon an 
octahedral metal center containing three chelated glycolate ligands. In ethylene glycol,   
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CTA1,2[Ti(OCH2CH2)3] moieties are found to self-assemble into a lamellar mesophase 
with a structure based upon bilayers of cationic CTA+ that are charge-balanced by 
[Ti(OCH2CH2)3]2− counter-anions. Hydrolysis of the lamellar glycometallate 
mesophase in ethylene glycol leads to partially ordered mesoporous titania. 
 
2.2.2.6 Sonochemical Technique  
     This technique is based on a wide range of physical and chemical effects induced 
by high-intensity ultrasound. The physical effects, which often have chemical 
consequences, include enhanced mass transport, emulsification, heat transfer, and 
other effects on solids. The chemical effects origin primarily from acoustic cavitation 
(Leighton, 1994). During cavitation, bubble collapse generates transient and localized 
hot spots with temperatures of about 5000 ºC, pressures of about 1000 atm, as well as 
heating and cooling rates above 1010 K/s (Flint and Suslick, 1991; Suslick and Crum, 
1997; Suslick et al., 1999), which drive high-energy chemical reactions.  
     This technique has been employed to prepare mesoporous TiO2 with worm-like 
pore structure using neutral amine surfactant as a template (Wang et al., 2000; Wang et 
al., 2001). However, the RTPL properties of the products were not addressed in their 
reports.  
 
2.3 Crystalline Forms of TiO2 Crystal 
     Crystalline titanium dioxide has three naturally occurring crystalline forms: rutile 
(space group P42/mnm), brookite (Pbca), and anatase (I41/amd) (Kavan et al., 1996). 
The fundamental structure unit in the three TiO2 crystals is [TiO6] octahedron, but 
their modes of arrangement and link are different. In anatase, the formation of a three-
dimensional framework is all with edge-shared bonding among [TiO6] octahedrons. In 
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rutile, [TiO6] octahedrons link by sharing an edge along the C axis to form chains and 
then corner-shared bonding among chains leads to a three-dimensional framework. 
The structure of brookite is slightly complicated and contains edge-shared and corner-
shared bonding (Cheng et al., 1995). Figure 2.4 shows the modes of link among [TiO6] 
octahedrons in three TiO2 crystals. 
 
 
Figure 2.4   Modes of link among [TiO6] octahedrons in (a) rutile, (b) anatase, and (c) 
brookite. For anatase, the projection along the b axis (the thick line shows the edge-
shared link) (Cheng et al., 1995). 
 
 
     Under ambient conditions, macrocrystalline rutile is thermodynamically stable 
relative to macrocrystalline anatase and brookite. Brookite and anatase are metastable. 
They can transform exothermally and irreversibly to rutile. The transformation from 
anatase to rutile is reported to occur between 400 and 1000 ºC (Edelson and Glaeser, 
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2.4 Photoluminescence Mechanisms of TiO2 Nanomaterials 
     Photoluminescence (PL) spectroscopy as an important tool has been used to study 
the electronic structure, optical, photochemical, and photoelectric conversion 
properties of TiO2 crystals, thin films, and polycrystalline powders.  
     For bulk TiO2, it is difficult to observe PL by ordinary fluorescence 
spectrophotometry at room temperature, even in the monocrystal state. This is due to 
the indirect transition nature (Zou et al., 1991; Serpone et al., 1995) or the weak 
exciton binding energy and short radiative lifetime (Zhu et al., 1998). PL of bulk TiO2 
can be detected at low temperatures.  At -196 ºC, green emission of amorphous TiO2 
was detected by Deb (1972). For rutile, a broad emission band at 850 nm was observed 
by Addiss et al. (1968), which is tentatively assigned to recombination at interstitial 
Ti3+ ions. Further studies have showed that in rutile crystals, band-gap excitation 
results in either Wannier-type free exciton emission if the crystal is highly pure, or 
infrared emission from Cr3+ centers at low temperatures (Grabner et al., 1970; Amtout 
and Leonelli, 1992). In the case of anatase crystals and thin films at low temperature (-
269 ºC ~ -263 ºC), bandgap excitation causes the broad-band visible emission, which 
is interpreted as the radiative recombination of self trapped excitons (STE) localized 
within TiO6 octahedra (Tang et al., 1993; Tang et al., 1994b). The STE emission is due 
to strong lattice relaxation and small exciton bandwidth in anatase, and has a large 
Stokes shift of about 0.9 eV. For TiO2 polycrystalline powders, broad-band visible 
emission has also been found and attributed to luminescence from surface states (Forss 
and Schubnell, 1993).  
     Quite different from conventional crystals and amorphous materials, TiO2 
nanomaterials exhibit unique dielectric, optical, and mechanical properties, especially 
room-temperature photoluminescence (RTPL) characteristic (Lin et al., 1999; Bai et al., 
 18
                                                                                                                            Chapter 2 
2001). Following is a brief account for these unique properties observed on TiO2 
nanomaterials. 
 
2.4.1 Quantum Size Effect (QSE)  
     QSE has been used to account for the origin of RTPL of nanometer-sized TiO2 by 
several research groups (Liu and Claus, 1997; Sasaki and Watanabe, 1997; Zhu et al., 
1998). It has also been used to account for RTPL properties of porous silicon by 
Canham (1990), who proposed the quantum confinement model (QCM). According to 
QCM, as the chemical or electrochemical etching continues, a complicated network of 
voids and crystalline silicon features remains with typical feature sizes on the order of 
nanometers. The generated electron-hole pair is trapped in a potential energy box and 
the voids at the surface of the nanoparticles act as barriers. As the particles size is 
decreased, the energy of the PL peak should increase from the quantum mechanical 
confinement of particles in a smaller box. This leads to a large energy band gap in the 
silicon material. The change in band gap, ∆E, for semiconductor nanocrystals can be 














⎛ +=∆ h                                                           (2.1) 
 
where me and mh are the effective mass of the electron and hole in silicon respectively, 
R is the radius of a spherical nanocluster or feature, e is the charge on an electron, ε is 
the dielectric constant, and ħ is Plank’s constant (h/2π). According to Brus (1986), as 
the particle size is small enough, band-gap change due to size reduction is caused by 
the blue shift of the absorption band edge, which is induced by exciton confinement in 
a restricted space. Blue-shifted absorption band edge is typically considered as an 
indicator of QSE. 
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2.4.2 Radiative Recombination of Self Trapped Excitons (STE) Theory 
     This theory has been used to explain RTPL of nanocrystalline anatase films by 
many research groups (Lei and Zhang, 1991; Bonini et al., 2000; Kiisk et al., 2001; 
Liu and Wang, 2002; Jing et al., 2003). 
     It was first proposed by Tang et al. (1993; 1994a) to explain the visible PL 
observed in anatase crystals at low temperatures. The emission band centered at 2.3 eV 
is strongest at low temperature, and the intensity decreases with increasing temperature.  
The recombination of STE is localized within TiO6 octahedra. Excitons in such 
structures are called charge-transfer excitons, which are resulted from the interaction 
of conduction band essentially located on Ti 3d states with a hole built essentially on 
oxygen 2p states. If the transfer of the exciton from one site to neighbouring sites is 
not competitive energetically, the exciton can be localized on a TiO6 octahedral site. 
The occurrence of exciton self trapping depends on how compactly the TiO6 units are 
condensed in the crystalline structure. Because of the significant structural differences, 
STE emission can not be observed on rutile. 
 
2.4.3 Defects Theory  
     Serpone et al. (1995) studied the size effects on the photophysical properties of 
nanosized colloidal anatase particles with different particle size. Under experiment 
conditions, the samples displayed no size quantization (e.g. blue shift in UV spectra).  
The authors suggested that defects concerning the oxygen vacancies are accounted for 
PL. The defects state can be understood from the following equations: 
 
VBCB
hv heheTiOTiO +−+− +→⎯→⎯ )/(22                                                                      (2.2) 
OCBO VeV →+ −0  (electron trapping in shallow traps)                                               (2.3) 
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hvVhV OVBO +→+ + 0 (radiative recombination)                                                         (2.4) 
 
VO0 in the Kroger notation is an ionized oxygen vacancy level, which rapidly traps a 
photogenerated conduction band (CB) electron (e-CB). This subsequently interacts with 
a valence band (VB) hole (trapped in ~ ps) (Skinner et al., 1995) either radiatively or 
non-radiatively.  
     Based on the theory, Toyoda et al. (2000) explained the observed higher RTPL 
intensity of porous polycrystalline TiO2 electrode to the formation of incremental 
defect states at the surface by the application of the voltage treatments. Konstantinova 
et al. (2000) investigated the influence of adsorbed water, oxygen, air and vacuum on 
PL of porous anatase. The PL intensity decreased with increasing partial pressure of 
oxygen, which was accredited to that oxygen acted as an electron acceptor.  
 
2.4.4 Surface State  
     Seok et al. (2002) proposed that the surface conditions of porous anatase play an 
important role. In that case, most of the surface states are oxygen vacancies or the Ti4+ 
ions adjacent to oxygen vacancies (Redmond et al., 1993; Lu et al., 1994).  
     Forss and Schubnell (1993) studied the PL of anatase powder in vacuum, nitrogen, 
and water vapor respectively at 27 ºC to 527 ºC. In vacuum, the luminescence is 
weakly quenched with the introducing of nitrogen or water vapor. These observations 
are accredited to that surface state is very sensitive to the absorbed molecules, which 
can change the surface state density and maybe react with the excited electrons leading 
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2.4.5 The Interface Effect between TiO2 and Organic Species 
     Zou et al. (1991) reported RTPL of TiO2 of ultrafine particles (UFP) coated with 
stearic acid, which was accredited to the modification of stearic acid on the TiO2 
surface. Once TiO2 UFP is coated with a layer of stearic acid, the negative hydrophilic 
radial of stearic acid will bind into the surface of TiO2 UFP, therefore a dipole layer 
towards the inner TiO2 UFP forms, which can induce an attracting potential to 
electrons inside UFP. It is this dipole layer that has the surface electronic structure on 
UFP changed, which cancels the barrier for the STE formation and greatly enhances 
the STE absorption. As a result, RTPL can occur.  
     Similarly, RTPL properties of mesolamellar TiO2 films (Bai et al., 2001) and 
powders (Lin et al., 1999) were observed respectively. These lamellar TiO2 
mesostructures were obtained hydrothermally, in the presence of cationic surfactants 
under basic conditions. The authors proposed that RTPL of the mesostructured TiO2 is 
induced by the interface effect between TiO2 and surfactants. The surfactant used is 
cetyltrimethylammonium bromide. 
 
2.4.6 Radiative Recombination Mediated by Local Levels Related to Surface 
Defects 
     Zhang et al. (2000) studied the grain size effect on PL of anatase nanocrystals. The 
authors observed that the PL peaks and positions did not change regularly with 
degreasing grain size. The independence is proposed to the combination effects of 
calcination and the defects migration. During calcination, the surface states are 
reduced due to the incremental of grain size, while the defects inside the grains migrate 
into the surface regions. Furthermore, with the increasing excitation power, PL was 
obviously intensified, and the shape of PL spectra was observed to have no striking 
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changes. Based on the above observation, they made an assumption that radiative 
recombination in TiO2 nanocrystals is mediated by some surface defects. 
 
2.4.7 Selection Rule on Electronic Transitions 
     The theory  was used to interpret the RTPL of nanostructured anatase in the report 
of Zhang and Mo (1995). The existence of translation periods in the conventional 
materials only allows that electronic transitions in k space follow the vertical transition 
rule, and nonvertical electronic transitions are forbidden, which prevent some 
electronic transitions taking place from the excitation state to the low energy level. As 
a result, some luminescence bands can not appear. However, the rule will be invalid in 
nanostructured materials, because a large number of interfaces with more random 
atomic arrangements substantially break the translation periods in these regions. Thus 
new luminescence bands caused by some electronic transitions, which are forbidden in 
conventional materials, can be observed for nanostructured materials.  
 
2.5 Europium Incorporated in Different Hosts 
2.5.1 Europium Trapped in Hosts and Their Photoluminescence Properties 
     Rare earth ions (RE3+) are particularly suitable for applications in light emitters due 
to their well-defined transitions within the 4f shell (Blasse, 1979). The 
photoluminescence of Eu3+ is particularly important because the major emission band 
is located near 612 nm (red), which is one of the three primary colors (red, blue and 
green) from which other colors, including white, can be obtained by appropriate 
combining. For this reason, the introduction of Eu3+ as luminescent centers into 
different hosts has been a hot research topic. In fact, Eu3+ doped in Y2O3 has already 
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been a commercially available phosphor. Up to now, a wide variety of materials have 
been chosen as hosts, which are listed in Table 2.2. 
     Mesoporous silicas such as MCM-41 and SBA-15 have also been studied as a host 
material for Eu3+ entrapment, due to their good mechanical, thermal and chemical 
stability. Furthermore, because of their uniform arrays of mesopores with a pore 
diameter of 20-300 Å, they can be used as a nanoscale reactor for rational 
nanomanufacturing to control over optical materials size, particle size distribution and 
regular particle location, which are crucial for the optical materials. The literature 
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Table 2.2 Europium incorporated in different hosts 
Host Reference  Inclusion method 
fluoride glass   Dejneka et al., 1995 mix and heat at high 
temperature 
LiNbO3 Arizmendi and Cabrera, 
1985 
solid state reaction at 
high temperature 
Hayashi et al., 1995  ZnO 
Bachir et al., 1996 




Gutzov et al., 1998 co- condensation and 
heat at high temperature 
alumina Gedanken et al., 2000 doping; co-condensation 
and  sonochemical 
Conde-Gallardo et al., 
2001 
co-condensation 




Frindell et al., 2002 co-condensation 
Jin et al., 1997 co-condensation 










Rambabu et al.,  1998 mix and heat at high 
temperature 
Bihar et al., 1997 
phosphor 
Y2O3
Williams et al., 1999 
gas-phase condensation 
( CO2 laser heating) 
polymer  Banks et al., 1980; 
Okamoto et al., 1981 
co-condensation 
semiconductor GaN Heikenfeld et al., 1999 molecular beam epitaxy 
silicate Ananias et al, 2001 co-condensation microporous  
material titanosilicate Rainho et al., 2000;  
Rainho et al., 2003 
co-condensation 
Chen et al., 2002 solid state diffusion  
Li et al., 2002; Xu et al., 
2003; Bian et al., 2002; 




Matos et al., 2001; 
Mercuri et al., 2002 
co-condensation 




Sauer et al., 2002 wet impregnating 
 
 
     The PL properties of these materials show fixed positions of peaks, which are 
determined by the electronic structure (4f-4f transition) of Eu, and are almost 
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independent on the host materials. However the width and relative intensity of those 
peaks frequently depend on the host, thus some peaks are active and others are inactive, 
which can be used to tune the materials for specific usage. 
 
2.5.2 Overview of Inclusion Techniques 
     A number of inclusion techniques have been developed (Moller and Bein, 1998; 
Tissue, 1998; Bronstein, 2003). The commonly used ones are indicated in Table 2.2. 
Each technique has its own advantages and disadvantages, which will determine its 
application. 
     Co-condensation technique (Moller and Bein, 1998) is based on sol-gel process. 
Through the co-condensation of siloxane and organo precursors during the 
mesoporous silica formation, hybrid materials are produced, offering organo groups 
that are directly incorporated into the wall of the silica host, in contrast to those grafted 
to the surface. The method can achieve higher doping level by adjusting the amount of 
precursor. However the amount of heterogeneous atoms added will have a significant 
effect on the structure of the host, when it proceeds to higher level.  
     The applications based on covalent graft are increasing rapidly, which employ the 
chemical interaction of metal compounds with functional groups of mesoporous oxide. 
The functionalization with organic groups can be carried out either during the sol-gel 
reaction when one of the silica precursors bears such groups or as a post-synthesis via 
interaction of various compounds with silanol groups (Stein et al., 2000). The 
functional group can play two roles, (i) being an anchor for metal compounds and/or 
(ii) interacting with surface of the growing nanoparticle. However, the approach 
typically involves more complex and expensive precursor species.  
 26
                                                                                                                            Chapter 2 
     Through solid state diffusion method,  a relatively low doping level is obtained, and 
the location of inclusion is hard to control, which can be in the pores or/and on the 
external surface of the host.  
     Wet impregnation technique provides an efficient way for incorporation of metal 
compound into the pores, which is based on capillary forces. However the growth of 
particles is not well controlled, they are located statistically with wide size distribution.  
     Coating approach is an easy one, but due to the weak affinity between the host and 
Eu, the amount of Eu trapped will be limited, and the trapped one can be leached away 
easily.  
     The technique of mix and heat at high temperature is a simple one. The precursor is 
mixed at solid or solution state and heated at high temperature (> 900 ºC). This method 
is not applicable to synthesis of mesoporous materials, because the structure of these 
materials will collapse at such high temperature. Laser heating method is based on the 
similar principle and requires special equipment.    
     Ion exchange method (Bronstein, 2003) is based on the reaction normally driven by 
replacement of monovalent of cation (surfactant) with divalent (or trivalent) metals, in 
which entropy is responsible for an efficient ion exchange. Through the technique, the 
metal ions can be transported solely inside the pores, while the external surface is 
capped with inert hydrophobic organic groups. Along this path, Zhang et al. (2001) 
and Wang et al. (2002) prepared CdS nanoparticles inside of the channels of MCM-41 
and SBA-15 respectively, using the inert organic groups to passivate the external 
surface of mesoporous silicates. The quantity of the exchange depends on the amount 
of surfactant remaining in the pores. 
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CHAPTER 3 ULTRASONIC SYNTHESIS OF 




     It is noted that mesolamellar TiO2 has not been prepared by sonochemical method 
previously. In this chapter, sonochemical technique was adopted to synthesis 
mesolamellar TiO2, in order to check the possibility of overcoming the common 
disadvantage of the tradition methods, such as time-consuming. The RTPL properties 
of the products before and after calcination were also investigated. 
     The products were characterized by spectroscopic techniques such as XRD, FTIR, 
TEM, Raman, physical adsorption, and room temperature photoluminescence. The 
analysis results were compared with those prepared from tradition method. 
 
3.2 Experimental  
3.2.1 Chemicals   
     Titanium (IV) isopropoxide (TIPO) (Fluka, C.P.), tetramethylammonium hydroxide 
solution (TMAOH) (10% wt, Aldrich, C.P.), and cetyltrimethylammonium bromide 
(CTAB) (MERCK, G.R.) were used as received. Deionized water was used as a 
solvent. Degussa P25 containing 80% anatase and 20% rutile was used as a reference, 
which is a non-porous powder with a specific surface area of about 50 m2/g and an 
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3.2.2 Synthesis 
     In the synthesis of mesostructured TiO2, the molar ratio of the initial mixtures was 
0.82 TMAOH: 1.00 TIPO: 0.60 CTAB: 285.00 H2O. The typical experiment 
procedures are as follows: 7.50 mL of TMAOH was mixed with 45.0 mL of water 
under stirring, then 2.36 g of CTAB was added and stirred for 0.5 h, followed by 
adding 3.00 mL of TIPO dropwise under sonification in an ultrasonic bath (Elma, 
Transonic Bath, model T460H, Power input (without heating): 285(85) VA, HF peak 
output: 170 W, Heating (option) 200 W). The suspension was further sonicated for 6 h, 
and the temperature rose from ambient temperature to 80 ºC. The solid product was 
recovered by filtration, washed with deionized water, and dried at 100 ºC. The 
surfactant was removed by calcination at high temperatures for 6 h under air. The as-
synthesized material is designated as 6, and the calcined samples are named after 6xxx, 
where xxx indicates the calcination temperatures. 
     For comparison purposes, nanostructured TiO2 samples were also prepared using 
the traditional hydrothermal methods (Lin et al., 1999). First 7.50 mL of TMAOH was 
mixed with 45.0 mL of water under stirring, followed by addition of 2.36 g of CTAB 
and further stirred for 0.5 h. 3.00 mL of TIPO was then added drop by drop. After 
stirring at room temperature for 24 h, the mixture was transferred into a PTFE lined 
autoclave and aged at 100 ºC for 72 h. The solid product was treated as described 
above. The as-synthesized material is designated as 3, and the calcinated products are 
named after 3xxx, where xxx is the calcination temperature. 
 
3.2.3 Characterization 
     X-ray powder diffraction (XRD) patterns were collected on a Shimadzu XRD-6000 
X-ray diffractometer with Cu-Kα radiation (λ = 1.5418 Å). Fourier transform infrared 
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(FTIR) spectra were recorded on a Bio-Rad FTIR spectrometer (Model: FTS 135) 
using KBr pellet. Transmission electron microscopy (TEM) images were taken on a 
JEM-2010.  A sample was dispersed in ethanol and supported on carbon-copper grids. 
Nitrogen adsorption and desorption isotherms were measured on a Quantachrome BET 
Analyzer (Model: NOVA 1200) at -196 ºC. A sample was first degassed in vacuum at 
200 ºC for 3 h before measurement. Surface area was calculated from the linear part of 
the BET model (Brunauer et al., 1938). Pore size distribution was calculated based on 
the Barrett-Joyner-Halenda (BJH) model (Barrett et al., 1951). Raman spectra were 
obtained on a Bruker FTIR-Raman spectrometer equipped with a vibrational circular 
dichroism and a vibrational linear dichroism (Model: Equinox 55).  Room temperature 
photoluminescence spectra were collected on a Perkin-Elmer luminescence 
spectrometer (Model: LS-50B) with a powder holder accessory. 
 
3.3 Results and Discussion 
3.3.1 XRD  
     Figure 3.1 shows the XRD patterns of samples 6 and P25. On the spectrum of P25, 
two peaks are observed, which are corresponding to the crystalline phase of anatase 
(about 25.37º) and rutile (about 27.44º) respectively (Zhao et al., 2001). Sample 6 
displays three peaks at the lower-angle region with a d-spacing of 34.22, 17.05, and 
11.53 Å respectively, indicating that the as-synthesized sample is a lamellar phase, as 
observed by Lin et al. (1999). These peaks disappeared after calcination, suggesting 
that the mesostructure was thermally unstable. At higher-angle region, two peaks 
locate at about 21.54º and 24.62º respectively, disappeared after calcination, possibly 
due to the crystalline phase of the surfactant (Huo et al., 1996). On the pattern of 
sample 6450, one new peak at around 25.2º emerged, indicating that the product was 
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changed from amorphous to anatase. The XRD patterns of samples 3 and P25 are 
compared in Figure 3.2, which resembles Figure 3.1.  
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3.3.2 FTIR 
     Figure 3.3 and 3.4 demonstrate the FTIR spectra of the mesostructured TiO2 
samples prepared by two methods respectively, as well as P25 and surfactant CTAB. 
The two spectra are similar. According to Soler-Illia et al. (2002), the broad band (νOH) 
at 3400 cm-1 of the as-synthesized sample can be assigned to structure and/or surface 
hydroxyl groups, which disappeared upon calcination at or above 350 ºC due to 
dehydroxylation. The two sharp absorption bands (νCH) at 2800-3000 cm-1 are the 
characteristic bands CH2 and CH3 groups of CTAB respectively, and the weaker peaks 
located between 1500 and 1350 cm-1 are δCH vibrations of CTAB. The existence of 
these peaks in the as-synthesized sample indicates that surfactant was incorporated in 
titania framework. These peaks disappeared after calcination at or above 350 ºC, 
indicating that the surfactant has been removed. The broader band between 400 and 



















Figure 3.3 FTIR spectra of P25, CTAB and sample 6 before and after calcination. 
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Figure 3.4 FTIR spectra of P25, CTAB and sample 3 before and after calcination. 
 
3.3.3 TEM 
     Figure 3.5 and 3.6 depict the TEM images of the as-synthesized samples prepared 
by two methods respectively. From the two images, it can be observed that the 
majority of the structure is a lamella mesostructure for both samples, which is in 
accordance with XRD results. 
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Figure 3.5 TEM image of sample 6. 
 
 
Figure 3.6 TEM image of sample 3. 
 
3.3.4 Physical Adsorption of N2
     The nitrogen adsorption/desorption isotherms of the samples calcined at different 
temperatures are illustrated in Figures 3.7 and 3.8. It can be seen that the isotherms of 
samples 6350 and 3350 are like type IV, while those of samples 6450 and 3450 can be 
considered as type V according to the IUPAC classification (Sing et al., 1985). These 
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isotherms indicate that the calcined samples are mesoporous materials. The difference 
between types IV and V isotherms arises from the relative strengths of the fluid-solid 
attractive interactions: type IV is associated with stronger fluid-solid interactions and 
type V is associated with weaker interactions. The change of isotherm type is probably 
related to calcination at different temperatures. The hysteresis loop exhibited in the 
two types of isotherms is associated with capillary condensation in the mesopores 
(Barton et al., 1999). Figures 3.9 and 3.10 display the pore size distribution of the 
calcined samples. The samples prepared by two methods show similar tendency, with 
the increment of calcination temperature, the pore sizes increased, while pore size 
distribution became wider, possibly due to the further collapse of structures.  Table 3.1 
lists the structural data of different samples. Surface areas are found to decrease with 
the increasing of calcination temperature, which can be accredited to the larger pore 

























Figure 3.7 Nitrogen adsorption isotherm of sample 6 calcined at different temperatures. 
Isotherm for sample 6450 is shifted by 150 mL/g STP.  (□:  desorption; ■: adsorption) 
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Figure 3.8 Nitrogen adsorption isotherm of sample 3 calcined at different temperatures. 























































Figure 3.10 Pore size distribution of sample 3 calcined at different temperatures. 
 
Table 3.1 Structural data of samples 3 and 6 calcinated at different temperatures. 
 
Sample Surface area(m2/g) Pore size (Å) 
3350 203 32 
3450 102 115 
6350 261 41 
6450 98 114 
 
 
3.3.5 Raman Spectroscopy 
     Raman spectroscopy has been extensively used to identify TiO2 phases. Ohaka 
(1980) reported that anatase single crystal had six Raman active modes at 144 cm-1 
(Eg), 197 cm-1 (Eg), 399 cm-1 (B1g), 513 cm-1 (A1g), 519 cm-1 (B1g), and 639 cm-1 (Eg), 
respectively. Porto et al. (1967) found that rutile single crystal displayed four Raman 
active modes at 143 cm-1(B1g), 447 cm-1 (Eg), 612 cm-1(A1g), and 826 cm-1(B2g), 
respectively. Amorphous TiO2 has been found to be Raman inactive (Escobar-Alarcon 
et al., 1999). Figure 3.11 depicts the Raman spectra of P25 and sample 6 before and 
after calcination. The spectra of samples 6 and 6350 are featureless, suggesting an 
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amorphous phase. Four major active modes at about 143 cm-1, 391 cm-1, 505 cm-1, and 
631 cm-1, were observed on the spectrum of sample 6450, showing that the amorphous 
TiO2 has transformed into anatase phase. The results are in agreement with the XRD 
results discussed previously. Figure 3.12 exhibits the Raman spectra of P25 and 
sample 3 before and after calcination, which are similar to Figure 3.11. 














Figure 3.11 Raman spectra of P25, CTAB and sample 6 before and after calcination. 
 














Figure 3.12 Raman spectra of P25, CTAB and sample 3 before and after calcination. 
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3.3.6 Photoluminescence 
     According to previous studies, RTPL properties cannot be observed on bulk TiO2 
due to its indirect transition nature (Serpone et al., 1995) or the weak exciton binding 
energy and short radiative lifetime (Zhu et al., 1998). However, RTPL properties were 
observed on TiO2 nanoparticles coated with stearic acid (Zou et al., 1991). They were 
also found on as-synthesized nanostructured TiO2 (Lin et al., 1999). In the present 
study, RTPL properties of the as-synthesized and the calcined samples were 
investigated. 
     Figure 3.13 and 3.14 illustrate the RTPL spectra of samples 6 and 3 respectively. 
The two figures are alike. It can be observed that PL intensity varies with the change 
of excitation wavelength and reaches a maximum at an excitation wavelength of 380 
nm. The position of the maximum PL spectra is centered at about 450 nm. These 
observations are similar to that reported by Lin et al. (1999). In their report, the origin 
of RTPL properties of as-synthesized mesostructured TiO2 was accredited to the 
interface effect between TiO2 and surfactant. The authors supposed that introduction of 
surfactant modifies the surface of TiO2. Since the negative hydrophilic radial of 
surfactant will bind into the surface of TiO2, a dipole layer towards the inner TiO2 
forms, which can induce an attracting potential to electrons inside TiO2. It is this 
dipole layer that changes the surface electronic structure of TiO2, which cancels the 
barrier for the STE formation and greatly enhances the STE absorption. As a result, 
RTPL could be observed on the mesolamellar TiO2 phase. This is similar to the 
observation by Zou et al. (1991) on the RTPL of TiO2 ultrafine particles (UFP) coated 
with stearic acid.  
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Figure 3.13 RTPL spectrum of sample 6 excited at (from bottom to top) 300, 340, 360, 


























Figure 3.14 RTPL spectrum of sample 3 excited at (from bottom to top) 300, 340, 360, 
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     The RTPL spectra of samples 6450 and 3450 are demonstrated in Figure 3.15 and 
3.16 respectively. The two figures are resembled to each other. Compared with the 
uncalcined counterparts respectively, the calcined samples have weaker PL intensities. 
It can be also observed that the PL intensities of the calcined samples are also found to 
become different with the change of excitation wavelength, and the strongest intensity 
observed is excited at the wavelength of 398 nm, while it is excited at 380 nm for the 
as-synthesized samples. In addition, the position of the maximum intensity is also 
blue-shifted from about 450 nm to about 440 nm.  
     These different PL properties are possibly related to the calcination process. Upon 
calcination at 450 ºC, surfactant in the as-synthesized samples was almost removed. As 
a consequence, the interface effect between TiO2 and surfactant no longer existed. At 
the same time, calcination leads to the phase changes of TiO2 from amorphous to 
anatase, which can be concluded from the results of XRD and Raman spectroscopy. 
Therefore the observed RTPL spectra of the calcined samples might be explained by 
the radiative recombination of self trapped excitons (STE) theory (Tang et al., 1993; 
Tang et al., 1994a, b), which was used to explain the origin of PL observed on anatase 
crystal. According to this theory, the recombination of STE localized within the TiO6 
octahedra of anatase. The excitons in such structure are called charged-transfer 
excitons, which are due to the interactions of conduction band essentially located in Ti 
3d states with a hole built essentially in O 2p states.   
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Figure 3.15 RTPL spectrum of sample 6450 excited at (from bottom to top) 300, 340, 





















Figure 3.16 RTPL spectrum of sample 3450 excited at (from bottom to top) 300, 340, 
360, 380, and 398 nm respectively. 
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3.4 Conclusion 
     The characterization results of XRD, TEM, BET, and Raman etc. prove that 
mesolamellar TiO2 can be synthesized via sonochemical technique in the presence of 
cationic surfactant. Compared with traditional method, the most important advantage 
of the technique is that it can greatly reduce preparation time. This technique may be 
used for synthesis of other mesostructured materials. It has been observed that the as-
synthesized sample displayed different room temperature photoluminescence 
properties compared with the calcined counterpart. The differences might be 
accredited to the existence of surfactant on the as-synthesized sample, while TiO6 units 
form on the calcined sample after removal of surfactant. As a result, two mechanisms 
are used to explain the different room temperature photoluminescence properties 
observed. For the as-synthesized sample, RTPL is probably due to the interface effect 
between TiO2 and surfactant, while RTPL of the calcined sample might be explained 
by the radiative recombination of self trapped excitons (STE) theory. 
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CHAPTER 4   STRUCTURE, PHOTOLUMINESCENCE 




     In this chapter, Eu-doped MCM-41 materials were prepared by co-condensation 
method under hydrothermal conditions. The investigation of structure and PL 
properties of the products were carried out in order to obtain a comprehensive 
understanding of such materials. The relationship between structure and PL properties 
with doping level was studied. Possible mechanisms were proposed.  
     In this experiment, EDX, FTIR, XRD, TEM, TGA, photoluminescence, and 




     Sodium silicate solution (MERCK), cetyltrimethylammonium bromide (CTAB) 
(MERCK), and europium acetate hydrate (Eu(AC)3) (99.9%-Eu, STREM 
CHEMICALS) were used as received. 2M HNO3 solution was prepared from nitric 
acid (65%, Fisher Scientific). Eu2O3 powder was used as a reference, which was 
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4.2.2 Synthesis 
     Different levels of Eu were doped in MCM-41 mesostructure during synthesis 
under hydrothermal conditions. The synthesis mixture had a composition of 0.15 Na2O: 
1.00 SiO2: 0.22 CTAB: x Eu2O3: 50.00 H2O (x = 0.000, 0.005, 0.010, 0.025, and 0.050 
respectively). In a typical synthesis for x = 0.010, 0.21 g of Eu(AC)3  was dissolved in 
19.10 mL of deionized water under stirring, followed by the addition of  2.42 g of 
CTAB. Then 5.00 mL of sodium silicate solution was slowly added into the solution. 
After 0.3 h, 4.20 mL of 2M nitric acid solution was slowly added and stirred further 
for 0.5 h. The mixture was then transferred into a Teflon-lined autoclave and aged 
statically for 72 h at 110 oC.  After cooling down to room temperature, pH value of the 
mother liquid was measured. The solid products were recovered by filtration, washed 
thoroughly with deionized water, and dried at 60 oC. Surfactant in the products was 
removed by calcination. Sample was heated from room temperature to 550 oC with a 
ramping rate of 1 oC /min, and the temperature was maintained at 550 oC for 6 h. The 
as-synthesized pure silicate material is designed as M41, whereas Eu-doped samples 
are denoted as yEuM41, where y stands for the molar ratio of Eu2O3: SiO2 in the 
synthesis gel multiplied by 100 (y = 0.5 for x = 0.005; y = 1 for x = 0.010; y = 2.5 for 
x = 0.025; y = 5 for x = 0.050). For the calcined samples, the calcination temperatures 
appear behind the sample names. For example, M41-550 means that sample M41 was 
calcined at 550 oC. 
 
4.2.3 Characterization 
     X-ray powder diffraction (XRD) patterns were measured using a Shimadzu XRD-
6000 X-ray diffractometer with Cu-Kα radiation (λ = 1.5418 Å). Fourier transform 
infrared (FTIR) spectra were recorded on a Bio-Rad FTIR spectrometer (Model: FTS 
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135) using KBr pellets. Energy dispersive X-ray spectroscopy (EDX) measurements 
were carried out with a scanning electron microscope (SEM) (Model: JEOL JSM-
5600L) using a microanalysis suite program (INCA suite Version 3.01, Oxford 
Instrument). Transmission electron microscopy (TEM) images were taken on a JEOL 
2010 TEM instrument (accelerating voltage of 200 kV). Nitrogen adsorption and 
desorption isotherms were measured using a Quantachrome BET Analyzer (Model: 
NOVA 1200) at -196 oC. A sample was degassed in vacuum at 200 oC for 3 h before 
measurement. Surface area was calculated from the linear part of the BET model 
(Brunauer et al., 1938). Pore size distribution was calculated based on the Barrett-
Joyner-Halenda (BJH) model (Barrett et al., 1951). Thermogravimetric analysis (TGA) 
were performed on a Shimadzu thermogravimetric analyzer (Model: DTG-60 ) under 
air flow with a heating rate of 10 oC/min. Room temperature photoluminescence 
spectra were collected on a Perkin-Elmer luminescence spectrometer (Model: LS-50B) 
with a powder holder accessory.  
 
4.3 Results and discussion 
4.3.1 XRD 
     Figure 4.1a demonstrates the low-angle XRD patterns of the as-synthesized pure 
MCM-41 and Eu-doped MCM-41 materials. The pure MCM-41 displays four peaks at 
the low angle region, which can be indexed to a hexagonal lattice, typical of MCM-41 
materials (Beck et al., 1992; Kresge et al., 1992). Eu-doped MCM-41materials have a 
lower intensity and less resolved XRD patterns, indicating the introduction of Eu has 
an effect on the mesostructure of MCM-41. The XRD patterns of the samples with low 
Eu-doped content are similar to that of pure MCM-41, suggesting that incorporation of 
Eu at low doping contents does not change the hexagonal structure of MCM-41 
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dramatically. With the increment of the Eu-doping content, the peaks become less 
resolved and the intensity is decreased. When x = 0.025, the 100 peak became broad. 
When x = 0.050, no distinctive peaks are observed.   
     Figure 4.1b depicts the wide-angle XRD patterns of Eu2O3 powder. Four major 
peaks are observed at about 28.36, 32.92, 47.28, and 56.1 degree, indicating that the 
powder is cubic phase (Chen et al., 2002).   
     Figure 4.1c shows the wide-angle XRD patterns of the Eu-doped MCM-41 
materials after calcination. No higher order reflections are observed, indicating the 
absence of the bulk Eu2O3 particles. 
 




























                                                                                                                            Chapter 4 




























Figure 4.1 (a) Low-angle XRD patterns of the as-synthesized pure MCM-41 and Eu-
doped MCM-41 materials; (b) Wide-angle XRD pattern of Eu2O3 powder; (c) Wide-
angle XRD patterns of the calcined Eu-doped MCM-41 materials. 
 
4.3.2 FTIR  
     Figure 4.2 displays FTIR spectra of MCM-41 and 1EuM41 before and after 
calcination. The Eu-doped MCM-41 materials have similar spectra, which also 
resemble the spectra of pure MCM-41.  
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     The absorption bands at about 1060 cm-1 and 450 cm-1 are assigned to asymmetric 
stretching mode and binding mode of internal tetrahedral vibration in the silicate-based 
structure respectively (Matos et al., 2001). A shift to higher frequencies of these modes 
is found on the Eu-doped materials, which are summarized in Table 4.1. A similar shift 
to higher frequency was also reported in the case of La- and Ce-doped MCM-
41(Araujo and Jaroniec, 1999). However the shift to lower frequencies has also been 
observed in the case of La-doped MCM-41(Kuang et al., 2001). The shift was 
supposed to be resulted from the presence of Lanthanides (Ln) in the framework, 
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Table 4.1 Absorption bands of pure MCM-41 and Eu-doped MCM-41materials before 
and after calcination 
 
Sample Asymmetric stretching mode (cm-1) Bending mode(cm-1) 
M41 1059 451 
0.5EuM41 1061 453 
1EuM41 1063 453 
2.5EuM41 1066 455 
5EuM41 1080 457 
M41-550 1080 457 
0.5EuM41-550 1082 466 
1EuM41-550 1088 463 
2.5EuM41-550 1084 463 
5EuM41-550 1088 467 
 
     In the spectra of the uncalcined samples, two sharp absorption bands (νCH) at 2800-
3000 cm-1 are observed, which are assigned to the characteristic bands CH2 and CH3 
groups of surfactant CTAB respectively. The weaker peaks located between 1500 cm-1 
and 1350 cm-1 are δCH vibrations of CTAB (Soler-Illia et al., 2002).  The existence of 
these peaks on the as-synthesized samples shows that the surfactant is incorporated in 
the framework. After calcination at 550 ºC, the C-H stretching disappears, indicating 
the surfactant has been removed.  
 
4.3.3 EDX  
     Table 4.2 lists the EDX data. As can be seen, Eu has been incorporated in the 
materials. However the molar ratios of Eu2O3/SiO2 of the as-synthesized and the 
calcined samples are somewhat lower than those of the synthesis gels except for 
sample 0.5EuM41-550, indicating that Eu in synthesis gel are not completely doped on 
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Table 4.2 Chemical composition of Eu-doped MCM-41 materials analyzed by EDX 
 
Eu2O3/SiO2 (molar ratio) Sample 
In synthesis gel Analyzed by EDX 
0.5EuM41 0.50:1.0 0.46: 1.0 
0.5EuM41-550 0.50:1.0 0.93:1.0 
1EuM41 1.0:1.0 0.83: 1.0 
1EuM41-550 1.0: 1.0 1.0: 1.0 
2.5EuM41 2.5: 1.0 1.6:1.0 
2.5EuM41-550 2.5: 1.0 2.1: 1.0 
5EuM41 5.0: 1.0 3.6: 1.0 
5EuM41-550 5.0: 1.0 3.5: 1.0 
 
 
4.3.4 Physical Adsorption of N2  
     The nitrogen adsorption isotherms are exhibited in Figure 4.3. All samples except 
for 5EuM41-550 display type IV isotherms (Sing et al., 1985), indicating that the 
samples are mesoporous materials (Franke et al., 1993; Branton et al., 1994). The 
adsorption process could be divided into four steps: (i) monolayer-multilayer 
adsorption at lower relative pressures; (ii) capillary condensation in the primary 
mesopores at the relative pressure range of 0.20-0.45, which was observed to shift to 
higher values with increasing the Eu-doping content; (iii) multilayer buildup on the 
external surface of the particles; (iv) capillary condensation in interparticle pores. 
Figure 4.4 illustrates the pore size distribution of Eu-doped materials. The pore size 
distributions are relatively narrow at low doping content, and they become wider at 
higher doping content. The main reason might be the deterioration of mesostructure 
caused by the incremental of Eu-doped content, as observed from XRD measurement. 
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Figure 4.3 Nitrogen adsorption isotherms of the calcined pure MCM-41 and Eu-doped 
MCM-41 materials. Adsorption isotherms for samples M41-550, 0.5EuM41-550, 


























Figure 4.4 Pore size distribution of the calcined pure MCM-41 and Eu-doped MCM-41 
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     Table 4.3 records the structure properties of the samples derived from N2 
adsorption. It can be seen that, in general, with the increase of the Eu-doping content, 
the surface area decreases, as expected from the deterioration of mesostructure, and/or 
the increase in the unit cell mass of the composites (Samanta et al., 2003). The 
increase of pore size is probably related to the length of bond between Lanthanide 
atom and Oxygen atom (Ln-O), which is longer than that of Si-O (Kuang et al., 2001). 
With the increasing Eu-doping level, more Eu-O formed, as a result, the pore size 
became bigger. 
 
Table 4.3 Structure properties of the calcined pure MCM-41 and Eu-doped MCM-41 
materials 
 
Sample SBET (m2 /g) Vt (cm3/g) W (Å) 
M41-550 804 0.72 23 
0.5EuM41-550 569 0.63 24 
1EuM41-550 699 0.68 26 
2.5EuM41-550 664 0.85 27 
5EuM41-550 414 0.76 28 
(SBET, surface area; Vt, total pore volume; W, pore diameter, determined by BJH 
adsorption branch.) 
 
4.3.5 TEM  
     Figure 4.5 shows TEM images of sample 1EuM41-550. The regular arrangement of 
the long nonintersecting channels characteristic of MCM-41 (Chenite et al., 1995) can 
be seen in Figure 4.5a. Hexagonal arrangement of uniform mesopores is shown in 
Figure 4.5b.  These results suggest that the sample is a two-dimensional mesophase, 
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4.3.6 TGA    
     Figure 4.6 dem
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age of sample 1EuM41-550. a) image taken with beam directed 
 b) image taken with the beam directed perpendicular to the pores. 
onstrates the TGA curves of the pure MCM-41 and Eu-doped 
. The pure MCM-41 has four major weight loss steps (Zhao et al., 
 at about 50 °C, which is associated with the physically adsorbed 
is at about 200 °C, which is due to the decomposition of surfactant. 
 at about 290 °C, assigned to the combustion of the residue carbon 
ne, at about 480 °C, is related to the dehydroxylation of SiOH 
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groups. The curve of 0.5EuM41 almost matches with that of pure MCM-41. The 
samples with a high Eu-doped content have a similar curve to pure MCM-41. However, 






















Figure 4.6 TGA curves of pure MCM-41 and Eu-doped MCM-41 materials. 
 
 
     It seems that Eu-doping content has a relationship with the amount of surfactant 
occluded in the resultant materials, which might be explained from the formation 
mechanism of MCM-41. Without the presence of Eu(AC)3, the reaction mixture before 
adding 2 M HNO3 solution contained elongated rod-like surfactant micelles, whose 
surface was partly covered with silicate anions (Lee et al., 1996). The micelles 
gradually arranged into hexagonal arrays through the intermicellar silicate 
condensation. However, the gradual arrangement was proposed to be interfered by fast 
decrease in pH value of the reaction mixture (Schulz-Ekloff et al., 1999), as a 
consequence, less surfactant micelles participated the arrangement and low quality 
resultant materials were obtained. The presence of Eu(AC)3 can also result in decrease 
of  pH value, and the higher Eu-doping content, the faster decease of pH value, as can 
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be seen from Table 4.4. This might account for that high quality MCM-41 structure 
obtained at low Eu-doping content, while less ordered even disordered structure 
formed at high Eu-doping level. 
 
Table 4.4 Final pH value of pure MCM-41 and Eu-doped MCM-41 materials 
Sample M41 0.5EuM41 1EuM41 2.5EuM41 5EuM41 
pH value 10.84 10.77 10.69 10.50 9.170 
 
4.3.7 Photoluminescence   
         Figure 4.7 is the emission spectrum of Eu2O3 powder. Two main characteristic 
peaks are displayed at the red region originated from 5D0 → 7F1 (λ = 592 nm) and 5D0 
→ 7F2 (λ = 615 nm) transitions of Eu3+ respectively. Figure 4.8 and 4.9 are the 
emission spectra of pure MCM-41 and Eu-doped MCM-41 materials before and after 
calcination. The pure MCM-41 exhibits no peaks within the measurement scope, as 
observed by Gimon-Kinsel et al. (1998). The Eu-doped MCM-41 materials before and 
after calcination possess similar spectra as pure Eu2O3. This suggests that Eu was 
incorporated into MCM-41 materials. Compared with pure Eu2O3, the PL intensities of 
the Eu-doped materials are low. As is well known, organized media can influence 
profoundly the physical and photochemical processes of guest molecules. These hosts 
provide a variety of interesting microenvironment for the guest molecules (Kumar and 
Williams, 1995). In this case, the properties of Eu depend greatly on the structure and 
microenvironment of the host of MCM-41. It has been demonstrated (Llewellyn et al., 
1995; Ishikawa et al., 1996; Jentys et al., 1996) that there are OH groups on MCM-41 
surfaces, even after calcination at 1000 °C (Pope and Machenzie, 1993). Stein and 
Wurzberg (1975) found that OH groups with high-energy vibrations can heavily 
quench the luminescence of rare earth ions. Thus, the reduced PL intensity of the Eu-
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doped MCM-41 might be due to the existence of OH groups. Similarly, this might also 
be accounted for the observed stronger intensity of the Eu-doped materials after 
calcination. This is due to the number of OH groups is significantly reduced after 












































Figure 4.8 PL spectra of the uncalcined pure MCM-41 and Eu-doped MCM-41 
materials (λex = 393 nm). 
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Figure 4.9 PL spectra of the calcined pure MCM-41 and Eu-doped MCM-41 materials 
(λex = 393 nm). 
 
 
     From Figure 4.8 and 4.9, it is also found that the intensities of Eu-doped MCM-41 
materials before and after calcination enhanced with the increasing of Eu-doping 
contents. This is similar to the case of V-substituted MCM-41 (Dzwigaj et al., 2003). It 
was observed that PL intensity became intensified with the increment of V content. In 
addition, the consumption of surface defects associated with SiO- and/or SiOH 
happened at the same time. The authors suggested that the expense was a result of 
reaction between V precursor and the surface defects of MCM-41. The intrinsic 
defects, peroxyl radical and nonbridging oxygen hole centers can be formed in MCM-
41 together with SiO- and/or SiOH as previous cases of amorphous silica (Munekuni et 
al., 1990; Tamura et al., 1994; Ruckschloss et al., 1995) and crystalline Siβ zeolite 
(Dzwigaj et al., 2000). The defects were also found most prevalently in silicas with 
high OH contents (Munekuni et al., 1990). Thus, probably it is the similar mechanism 
in our case, the higher intensity is resulted from more Eu ions reacted with defects in 
MCM-41.  
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4.4 Conclusion 
     Ordered mesoporous Eu-doped MCM-41 has been prepared in the presence of 
cationic surfactant under hydrothermal condition. The loading level of Eu was found to 
have a direct relation with the ordering of the materials. The introduction of Eu(AC)3 
in initial synthesis gels may interfere the formation of the ordered phase. An ordered 
Eu-doped MCM-41 phase was achieved with Eu2O3/SiO2 ≤ 0.010, beyond which 
disordered materials were obtained. EDX and PL measurements indicate that Eu was 
incorporated into the mesostructures. The Eu-doped MCM-41 materials show two 
emission peaks originated from 5D0 → 7F1 (λ = 592 nm) and 5D0→ 7F2 (λ = 615 nm) 
transitions of Eu3+ as pure Eu2O3. The weaker PL intensity observed on the Eu-doped 
MCM-41 materials might be due to the quench effect of OH groups on the surface of 
the materials. It was also found that the PL intensity of the materials enhanced with the 
increasing of Eu-doping contents, which is probably indicative of Eu reaction with the 
defects in MCM-41. 
 59
                                                                                                                            Chapter 5 
CHAPTER 5   DOPING OF EUROPIUM IN THE PORES 
OF SURFACE-MODIFIED SBA-15 
 
5.1 Introduction 
     In this chapter, the technique of surface modification on mesoporous silicas has 
been used to overcome the common drawback of tradition methods, which are difficult 
in controlling the location of inclusion. The technique is based on the existence of the 
surface silanol (Si-OH) groups on mesoporous silicates, which will be employed as an 
anchoring point for organic functionalities.  
     In this experiment, two steps were employed: (1) passivation of the external surface 
of SBA-15 by inert phenyl groups, and (2) doping of Eu3+ inside the channels of the 
surface-modified SBA-15. EDX, FTIR, XRD, TEM, NMR, physical adsorption, and 




     Tetraethyl orthosilicate (TEOS) (FisherChemical, G.R.), absolute alcohol (EtOH)   
(HAYMAN, A.R.), methanol (FisherChemical, A.R.), phenyltrimethoxysilane 
(PTMOS) (97%, Aldrich), poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (P123) (Aldrich, A.M. ca 5800), and europium acetate hydrate 
(Eu(AC)3) (99.9%-Eu, STREM Chemicals) were used as received. 2 M HCl solution 
was prepared from hydrochloric acid fuming (37%, MERCK, G.R.). Eu2O3 powder 
was used reference, which was prepared by calcination of Eu(AC)3 in air at 700 ºC for 
6 h (Mayer and Kassierer, 1966). 
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 5.2.2 Synthesis 
     Pure SBA-15 was prepared similar to the report of Zhao et al. (1998):  6.00 g of 
P123 was mixed with 45.0 mL of deionized water to fully dissolve it. To the P123 
solution was added 90.0 g of 2M HCl solution under stirring, followed by adding 14.1 
mL of TEOS dropwise and further stirred for 24 h at 35 oC. The mixture was sealed in 
a PP bottle and aged for 48 h at 100 oC. The solid product was recovered by filtration, 
washed with ethanol, and dried at 80 oC for 24 h to remove the water (Zhao et al., 
1998). 
     The external surface of SBA-15 was passivated by PTMOS. In a typical preparation, 
2.00 g of the as-synthesized SBA-15 was added into 40.0 mL of PTMOS ethanol 
solution (volume ratio of 3:7) and stirred for 12 h under nitrogen atmosphere at room 
temperature to ensure the surfactant were intact in the mesopores during the 
functionalization process (Zhang et al., 2001). The solid phase was collected by 
filtration, washed with ethanol to remove the remaining PTMOS and dried at 60 oC for 
12 h.  
     The loading of Eu3+ was achieved by following process. The europium (III) 
methanol solution was first prepared by dissolving 2.46 g of Eu(AC)3 in 46.0 mL 
methanol water solution with volume ratio of 1:1, followed by addition of 1.50 g of 
modified SBA-15 and stirring for 12 h at room temperature. The solid product was 
filtered off, washed with methanol and deionized water respectively, and dried at 60 oC.   
     Calcination was used to remove surfactant of the as-synthesized SBA-15 and Eu-
doped SBA-15. The sample was heated from room temperature to 500 oC, 700 oC, and 
900 oC respectively, with a ramping rate of 1 oC /min, and the target temperature was 
maintained for 3 h. The samples before calcination were denoted as follows: S for the 
uncalcined pure silica SBA-15, PS for the external surface modified SBA-15, and EPS 
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for the PS  after loading of Eu3+.  For the calcined samples, the calcination temperature 
will appear after the designation of the samples. For example, EPS900 indicated that 
the sample calcined at 900 oC. 
 
5.2.3 Characterization 
     Small-angle X-ray powder diffraction (XRD) patterns were collected on a Bruker 
AXS GADDS system with Cu-Kα radiation (λ = 1.5418Å), wide-angle ones were 
obtained on a Shimadzu XRD-6000 X-ray diffractometer with Cu-Kα radiation. 
Fourier transform infrared (FTIR) spectra were recorded on a Bio-Rad FTIR 
spectrometer (Model: FTS 135) using KBr pellets, accumulating 64 scans for each 
spectra with resolution of 4. Solid state magic angle spinning (MAS) nuclear magnetic 
resonance (NMR) spectra were obtained on a Bruker DRX 400 NMR spectrometer 
operating at a frequency of 79.49 MHz for 29Si and 100.61 MHz for 13C respectively. 
A 4-mm zirconia rotor rotating at 10 KHz was used. Cross polarization (CP) technique 
was used for 13C measurement while single pulse method was used for 29Si spectra 
collection. Both 29Si and 13C MAS NMR spectra were referenced to tetramethylsilane. 
Energy dispersive X-ray spectroscopy (EDX) measurements were carried out with a 
scanning electron microscope (SEM) (Model: JEOL JSM-5600L) using a 
microanalysis suite program (INCA suite version 3.01, Oxford Instrument). 
Transmission electron microscopy (TEM) images were taken on a JEOL 2010 TEM 
instrument (accelerating voltage of 200 kV). A sample was dispersed in ethanol and 
supported on carbon-copper grids. Nitrogen adsorption and desorption isotherms were 
measured using a Quantachrome BET Analyzer (Model: NOVA 1200) at -196 ºC. A 
sample was degassed in vacuum at 200 ºC for 3 h before measurement. Surface area 
was calculated from the linear part of the BET model (Brunauer et al., 1938). Pore size 
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distribution was calculated based on the Barrett-Joyner-Halenda (BJH) model (Barrett 
et al., 1951). Room temperature photoluminescence spectra were collected on a 
Perkin-Elmer luminescence spectrometer (Model: LS-50B) with a powder holder 
accessory.  
 
5.3 Results and Discussion 
 
5.3.1 XRD  
     Figure 5.1a demonstrates the small-angle XRD patterns of samples S, PS, and EPS. 
All of the as-synthesized samples possess three reflection peaks denoted as 100, 110 
and 200 respectively, characteristic of SBA-15 materials, indicating that the hexagonal 
pore structure was conserved after the inclusion of Eu. For the calcined samples, the 
peak intensities became higher, especially the 110 and 200 peak. These are possibly 
resulted from the removal of surfactant, which can scatter X-ray photons (Morey et al., 
2000). The shift of the 100 peak to higher angles is seen, which can be accredited to 
the contraction of the silicate framework because of the condensation of silanol groups 
to form siloxane bonds during the calcination. The shift is stronger for the calcined 
pure-silica SBA-15 sample. Another difference is that the 110 and 200 peaks 
disappeared for sample S900, which is probably due to partial structure collapses 
during calcination because of the local high-temperature spots created by the 
combustion of the template. However these peaks can still be seen on sample EPS900, 
suggesting that the inclusion of Eu improved the thermal stability of the material, 
which might be explained by the partial removal of the surfactant during the doping 
process, thus less local high-temperature spots.  
     Figure 5.1b shows the wide-angle XRD patterns of sample EPS before and after 
calcination. Compared with the wide-angle XRD pattern of Eu2O3 powder (Figure 4.1b 
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of Chapter 4), no higher order reflections are observed, indicating the absence of the 
bulk Eu2O3 particle. 


































     
















Figure 5.1 a) Small-angle XRD patterns of samples S, PS and EPS before and after 
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5.3.2 FTIR  
     Figure 5.2 exhibits FTIR spectra of samples S, PS and EPS in the interval of 4000-
400 cm-1. In the high frequency region, a broad band around 3400 cm-1 displays on all 
samples, which is caused by O-H stretching vibration mode of the absorbed water, 
whose bending vibration mode is recorded at about 1650 cm-1 (Grieken et al., 2003). 
The bands at 3000-2850 cm-1 are accredited to C-H stretching vibrations (Dire et al., 
1997; Grieken et al., 2003), which are the characteristic bands CH2 and CH3 groups of 
P123 respectively. Their intensities become weak, suggesting P123 was removed from 
mesopores after the incorporation process. 
     Based on the report of West et al. (2003), in the fingerprint region (500-1600 cm-1), 
the weaker peaks located between 1500 and 1350 cm-1 on the spectrum of sample S are 
δCH vibrations of P123. On the spectra of samples PS and EPS, two new weak peaks at 
about 1433 and 1595 cm-1 emerge, which are assigned to phenyl group. In addition, 
three new peaks at about 669, 702 and 748 cm-1 are observed, which are accredited to 
phenyl-Si group. These indicate that phenyl groups are grafted successfully on the 
structure of SBA-15.   
     According to Dire et al. (1997), 1200-1000 cm-1 region are assigned to O-Si-O 
bonds, and the peak at 470 cm-1 is corresponding to the angular deformation δ(Si-O-Si). 
Compared with the spectrum of sample S, a position shift of the two peaks is observed 
on the spectrum of sample EPS. The O-Si-O band shifts from 457 cm-1 to 464 cm-1, 
and the band of δ (Si-O-Si) moves from 1093 cm-1 to 1090 cm-1. The shifts are also 
observed in the case of La- and Ce-doped MCM-41(Araujo and Jaroniec, 1999; Kuang 
et al., 2001), which is supposed to be resulted from the presence of Lanthanides in the 
framework. 
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Figure 5.2 FTIR spectra of samples S, PS and EPS. 
 
 
5.3.3 13C and 29Si NMR 
     Figure 5.3 illustrates 13C CP-MAS NMR spectra of samples S and EPS. According 
to Yiu et al. (2001), a band of peaks at 70-75 ppm on the spectrum of sample S can be 
assigned to ether groups of P123. While the peak at about 15 ppm, attributed to CH3- 
groups, is due to surfactant and possibly ethanol residue. A band of new peaks at 126-
133 ppm are observed on the spectrum of sample EPS, which are assigned as phenyl 
groups. Simultaneously, the peaks between 70-75 ppm become less resolved, 
suggesting surfactant is removed from SBA-15 after inclusion process, which is in 
accordance with the results of FTIR. 
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Figure 5.3   13C solid CP MAS NMR spectra of samples S and EPS. 
  
     Figure 5.4 depicts the 29Si MAS NMR spectra of samples S and EPS. On the 
spectrum of sample S, three peaks associated with Q2 (about -90 ppm), Q3 (about -100 
ppm), and Q4 (about -110 ppm) Si connectivities (Grieken et al., 2003) can be 
observed with the intensity ratio of Q3/ Q4 > 1. Peaks in the Q2 and Q3 region are due 
to silanol groups, while those in Q4 region are accredited to Si connected to four T 
atoms through O atoms. The ratio of Q3/ Q4 can be used as an indicator of the amount 












Figure 5.4 29Si solid MAS NMR spectra of samples S and EPS. 
 
     One of the striking changes on the spectrum of sample EPS is two new broad peaks 
appeared at about -69 ppm and -79 ppm respectively. According to Smaihi et al. 
(1995), they are assigned as T2 and T3 species respectively, where Ti is denoted as 
species that has one phenyl side group and i siloxane bonds. This confirms again the 
phenyl groups are grafted on the surface of SBA-15. The peaks become broad may be 
due to the addition of europium. Mackenzie and Smith (2002) reported that the 
addition of small mount of paramagnetic ions such as rare earth can broaden the 29Si 
spectrum. Another significant change is that the ratio of Q3/ Q4 is less than 1 after Eu-
doping, indicating that more surface groups are reduced and higher condensation of 
silicate network achieved. This suggests that EPS possesses better thermal stability, 
compared with pure SBA-15, which will be confirmed by physical adsorption 
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5.3.4 EDX  
     EDX data are listed in Table 5.1. As can be seen from the table, Eu was 
incorporated in the SBA-15. However the atomic ratio Eu/Si in the samples is not the 
same, indicating the distribution of Eu species in the resultant materials may be 
inhomogeneous.  
 
Table 5.1 Chemical composition of Eu-doped SBA-15 materials by EDX measurement 
 
Sample EPS EPS500 EPS700 EPS900 
Eu/Si (atomic) 0.0057 0.0061 0.0044 0.0090 
 
 
5.3.5 Physical Adsorption of N2
     Nitrogen adsorption isotherms are demonstrated in Figure 5.5. The sample S500 
displayed a type IV isotherm with H2 hysteresis (Sing et al., 1985) and a sharp 
increase in volume at P/P0 ≈ 0.76, characteristic of highly ordered mesoporous 
materials. Three well-distinguished regions can be found on the adsorption isotherm: 
monolayer-multilayer adsorption, capillary condensation, and multilayer adsorption on 
the outer surface of SBA-15. The isotherms of sample EPS calcinated at different 
temperatures are similar to those of sample S500. However, the H2 hysteresis of 
calcined pure SBA-15 become less resolved and the sharp increase shifts to lower P/P0 
with the increment of calcination temperature. Figure 5.6 exhibits the pore size 
distribution of samples EPS and S calcinated at different temperatures. The pore sizes 
of both samples become smaller with the increasing of calcination temperature, and the 
trend of sample S is apparent.  
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Figure 5.5 Nitrogen adsorption isotherms of samples EPS (a) and S (b) calcinated at 
different temperatures. Isotherms for samples EPS500, EPS700, S500, and S700 are 




























































Figure 5.6 Pore size distribution of samples EPS (a) and S (b) calcinated at different 
temperatures. 
 
     Structure properties about the samples are summarized in Table 5.2. As seen from 
the table, the pore size of sample EPS500 is less than that of sample S500, which is 
probably due to the incorporation of Eu3+ in the mesopores. It is also observed that, in 
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general, both the surface area and the pore size decrease with the increasing of 
calcination temperature, due to the collapse of mesostructure at high calcination 
temperature, while the tendency of sample EPS is less remarkable. This again 
indicated that the thermal stability of SBA-15 is improved after incorporation of Eu, as 
the case of Eu-doped MCM-41 materials prepared by co-condensation method (Matos 
et al., 2001).  
 
Table 5.2   Structural properties of samples S and EPS calcined at different 
temperatures. 
 
Sample d100 / Å SBET / m2g-1 Vt / cm3g-1 W/ Å 
S500 94.3 829 1.14 80.2 
S700 89.6 557 0.78 72.1 
S900 74.4 255 0.35 42.3 
EPS500 99.4 813 1.08 79.2 
EPS700 97.2 765 1.04 78.1 
EPS900 91.2 513 0.76 72.5 
d100, XRD (100) interplanar spacing; SBET, BET specific surface area; Vt, total pore 
volume; W, pore diameter, based on the BJH model on adsorption branch. 
 
5.3.6 TEM 
     Figure 5.7 depicts the TEM images of sample EPS900. From the TEM images, the 
hexagonal ordered pore structure and the columnar frameworks can be observed. It 
suggests that the hexagonal ordered structure is maintained after the inclusion of Eu3+ 
and calcination at high temperature. 
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Figure 5.7 TEM image of sample EPS900.  a) image taken with the beam directed 
perpendicular to the pores; b) image taken with beam directed parallel to the pores. 
 
5.3.7 Photoluminescence  
     Figure 5.8 is the emission spectra of samples S, PS and EPS before and after 
calcination. The uncalcined samples S and PS exhibit no peaks within the 
measurement region, as MCM-41 observed by Gimon-Kinsel et al. (1998). Sample 
EPS before and after calcination, show two main characteristic peaks at the red region 
originated from 5D0 → 7F1 (λ = 592 nm) and 5D0 → 7F2 (λ = 615 nm) transitions of Eu3+   
respectively, which are similar to that of pure Eu2O3 powder (Figure 4.7 of Chapter 4). 
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This indicates Eu was incorporated in the SBA-15. Compared with the PL spectrum of 
Eu2O3 powder, the intensity of sample EPS is lower. It is also observed that the PL 
intensity of sample EPS became stronger after calcination. These phenomena are 
similar to those observed on Eu-doped MCM-41 materials in Chapter 4. Like MCM-41, 
SBA-15 is also prepared based on the sol-gel technique (Zhao et al., 1998), OH groups 
could be formed on the silicate surfaces during the synthesis process (Zhao et al., 1997; 
Zhao and Lu, 1998). Similarly, these observations might be explained by the quench 
effect of the OH groups, which can heavily quench the luminescence of rare earth ions 

























Figure 5.8 PL spectra of samples S, PS, EPS, and EPS900 (λex = 393 nm). 
 
5.3.8 Mechanism 
     The mechanism of Eu incorporation may be via two pathways. One is ion exchange 
process. As known, SBA-15 is synthesized under strong acid conditions in the 
presence of non-ionic triblock copolymer. As suggested by Zhao et al. (1998), non-
ionic surfactant is protonated and formed ionic species (S0H+) under such conditions, 
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where S0 is the surfactant and H+ is the hydrogen ion. It will interact with cationic 
silicate to form the intermediate (S0H+) (X-I+), where X- is the halide anion and I+ is a 
pronated Si-OH moiety. The interactions between them are weak and may be easily 
broken by the addition of inorganic cations. In the present experiment, S0H+ with 
lower charge density can be replaced by Eu3+ with higher charger density as 
schematically shown below: 
 3(S




                                         (5.1) 
 
     During the process of functionalization with PTMOS, the internal surface of SBA-
15 was protected by the surfactant in the pores. As a result, functionalization occurred 
on the external surface, where an inert layer of hydrophobic phenyl groups was grafted, 
thus the possibility of physical adsorption of hydrophilic Eu3+ onto the external surface  
of SBA-15 could be effectively eliminated. This ensured that the ion exchange reaction 
took place in the pores of SBA-15 and Eu3+ was incorporated in the channels.  
     It should also be noted that most of surfactant in the mesopores could be removed 
during the wash with ethanol to remove the water (Kruk et al., 2000), which is due to 
the weak interactions between the ionic species. However, Tanev and Pinavaia (1996) 
found about 10-30 % (wt) surfactant could be left after the extraction with ethanol to 
remove neutral surfactant during the synthesis of HMS or MCM-41. Similarly, a small 
amount of protonated surfactant could still remain in our samples, indicating the 
amount of Eu3+ inclusion achieved through ion exchange method would be low. 
Because silanol groups can exist on the internal surface of SBA-15 after the removal 
of surfactant, a substantial amount of Eu may be doped into the channel of SBA-15 by 
physical adsorption.    
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5.4 Conclusion 
     The combination of several characterization techniques have demonstrated that 
europium can be selectively doped inside the pores of mesoporous silica SBA-15. The 
inclusion was based on the elimination the possibility of physical adsorption of Eu3+ 
onto the external surface by first selectively functionalizing of the external surface of 
SBA-15. Two possible inclusion pathways may function during the doping process of 
Eu. One is based on ion exchange process. Another is through physical adsorption. 
The product displays two PL emission peaks originated from 5D0 → 7F1 (λ = 592 nm) 
and 5D0 → 7F2 (λ = 615 nm) transitions of Eu3+ as pure Eu2O3 powder. The lower 
intensities observed might be caused by the quench effect of OH groups exist on the 
surface of the materials. This effect could also explain the stronger intensity observed 
on the calcined sample. This easy approach can also be used to incorporate other ions 
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CHAPTER 6 SUMMARY AND RECOMMENDATIONS 
 
6.1 SUMMARY 
     In Chapter 3, sonochemical technique was used to prepare the mesolamellar TiO2, 
which was verified by the characterization results of XRD, TEM, BET, and Raman etc.  
Compared with traditional method, the most important advantage of the technique lies 
in that it can greatly reduce the preparation time, the synthesis period is cut from about 
96 h to only 6 h in our case. This technique can be also used for synthesis of other 
mesostructured materials. It is also observed that the as-synthesized sample displays 
different room temperature photoluminescence properties, compared with the calcined 
counterpart. Two mechanisms are used to explain the difference based on the existence 
of surfactant and the formation of TiO6 units on the two samples respectively.  
     In Chapter 4, the loading level of Eu is found to have a direct relation with the 
ordering of the materials, as well as the PL intensity. The introduction of Eu(AC)3 in 
initial synthesis gels may interfere the formation of the ordered phase, an ordered Eu-
doped MCM-41 phase was achieved with Eu2O3/SiO2 ≤ 0.010, beyond which 
disordered materials were obtained. PL intensity is found to enhance with the 
increasing of Eu-doping contents, which is probably indicative of Eu reaction with the 
defects in MCM-41. The Eu-doped MCM-41 materials show two emission peaks 
originated from 5D0 → 7F1 (λ = 592 nm) and 5D0→ 7F2 (λ = 615 nm) transitions of Eu3+ 
as pure Eu2O3. The weak PL intensity observed might be due to the quench effect of 
OH groups on the surface of the materials. This effect might also be accounted for the 
stronger intensity of the calcined materials.  
 77
                                                                                                                            Chapter 6 
     In Chapter 5, Europium was incorporated into the channels of mesoporous silicate 
SBA-15 by two steps. The first step is based on the elimination the possibility of 
physical adsorption of Eu3+ onto the external surface by first selectively 
functionalizing of the external surface of SBA-15. The second step is doping Eu into 
the pores of surface-modified SBA-15. Two possible inclusion pathways may function. 
One is based on ion exchange process, which is based on the reaction normally driven 
by replacement of monovalent of cation (protonated surfactant) with divalent (or 
trivalent) metals. Another is through physical adsorption. This easy approach can also 
be used to incorporate other ions into the channel of the mesoporous materials for 
specific applications.  
 
6.2 RECOMMENDTAIONS 
     Firstly, the synthesis of mesostructured TiO2 of different structure phases has been 
reported, which provides a chance to check whether there is a relationship between the 
mesostructures and PL in future study. It is also noted that different pore size 
mesostructured TiO2 can be prepared by adjusting the alkyl chain length of the 
surfactant used. The investigation of the relationship between the pore size and PL is 
suggested.   
     Secondly, the research on the photoluminescent nanomaterials needs not only the 
knowledge of material science, but also the one of physics etc. In this project, the 
photoluminescence study is not comprehensive, which was limited by the knowledge 
of physics, as well as the analytic equipment. It is suggested that the research in future 
cooperate with the other faculties such as physics department.  
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